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Abstract
It is becoming clear that we can define two different types of nearby
AGN belonging to the Seyfert 1 class (S1), on the basis of the match of
the intensities of their Broad Balmer Lines (BBL) with the Boltzmann Plots
(BP). These two types of S1 galaxies, that we call BP-S1 and NoBP-S1, are
characterized, in first approximation, by Broad Line Regions (BLR) with
different structural and physical properties. In this communication, we show
that these features can be well pointed out by a multi-wavelength analysis of
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the continuum and of the broad recombination Hydrogen lines, that we carry
out on a sample of objects detected at optical and X-ray frequencies. The
investigation is addressed to verify whether BP-S1 are the ideal candidates
for the study of the kinematical and structural properties of the BLR, in
order to derive reliable estimates of the mass of their central engine and to
constrain the properties of their nuclear continuum spectrum.
Keywords: galaxies: active; line: formation; plasmas; atomic processes
1. Introduction
The spectra of Type 1 Seyfert galaxies are characterized by the presence
of prominent emission lines with broadened profiles (Khachikian & Weed-
man, 1971, 1974), suggesting line of sight velocity distributions in excess
of 1000 km s−1 at Full Width Half Maximum (FWHM), that are produced
mostly by permitted transitions in a compact region (with a typical size
r < 0.1 pc), named the Broad Line Region (BLR). The absence of strong for-
bidden lines with similar profiles poses lower limits on the density of the line
emitting plasma, for which we expect electron densities ne ≥ 10
8 cm−3. The
high densitiy, combined with the small distance separating this region from
a bright source of non-thermal ionizing radiation, makes the BLR a peculiar
environment, where the usual spectroscopic techniques based on emission
line diagnostic ratios, generally adopted to explore the physics of nebular
environments, do not apply. The broad line profiles and intensity ratios, in-
stead, range over a wealth of different possible values and, moreover, they
are affected by the central source variability, changing in typical timescales
that span from few days up to some years.
Recently, it has been proposed that the physical conditions within the
BLR plasma could be explored through the application of the Boltzmann
Plot (BP) method (Popovic´, 2003, 2006; Ilic´ et al., 2007; Popovic´ et al., 2008),
a quite unusual tool in Astrophysics, but already known to the investigation
of Plasma Physics. The application of this technique to the study of the
BLR from the spectra of Seyfert 1 galaxies and QSOs has been tested on an
observational and a theoretical ground by La Mura et al. (2007) and by Ilic´
et al. (2012), investigating the role of the different physical processes that
control the emission line intensities in the BLR plasma and their influence
on the properties of the Balmer line Boltzmann Plot.
In this report, we present new evidence that the physical conditions of the
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BLR plasma are related with the properties of the BP, based on the analysis
of a sample of objects detected in multiple wavelengths, and we discuss in
what conditions and which possible inferences can be obtained from a BP
analysis.
2. Theoretical background
If we take into account a plasma emission line arising from a transition be-
tween an upper level (u) and a lower level (l), we can introduce a normalized
line intensity, through the expression:
In =
Iulλul
guAul
, (1)
where we called λul the emission line wavelength, Aul its coefficient of spon-
taneous emission probability and gu the statistical weight of the upper level.
Since the integrated line intensity Iul is an energy flux per unit time and
surface area, that is inversely proportional to the radiation wavelength, the
normalized intensity measures the intensity of a line in terms of the number of
emitted photons, normalized with respect to the photon emission probability.
The diagram showing the normalized intensities of the emission lines in a
series (i.e. lines characterized by the same lower level) as a function of their
excitation energy from the ground level is the BP. It can be shown that for
optically thin plasmas, where the upper level occupation numbers follow the
Boltzmann distribution, Eq. (1) can be expressed as (Popovic´, 2003, 2006):
log In = log
[
hcψ(λ)r∗
Ni
Z(Tex)
]
−
log e
kBTex
Eu = B − A · Eu, (2)
where h and kB are the Planck and Boltzmann constants, c is the speed of
light, ψ(λ) the normalized emission line profile (a function of order unity),
r∗ the size of the emitting region, Ni the space density of the line emitting
species and Z(Tex) its partition function, while Tex represents the excitation
temperature and Eu the upper level’s excitation energy.
Eq. (2) predicts that the normalized line intensities of a plasma in such
conditions lie on a straight line on the log In − Eu plane, with a slope con-
trolled by Tex. The left panel of Fig. 1 illustrates the situation, showing
that an hypotetical optically thin hydrogen plasma with level population de-
scribed by a Boltzmann distribution, given at a temperature Tex = 15000K,
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Figure 1: Left panel: Boltzmann plots of the emission line series of an optically thin
pure Hydrogen plasma in conditions of thermodynamic equilibrium at an excitation tem-
perature of Tex = 15000K. The normalized intensities of the Lyman series, the Balmer
series and the Paschen series are represented, respectively, with open circles, squares and
triangles, and, in this hypothetical case, they are perfectly overlapping, agreeing to the
same temperature indication. Right panel: Same as on the left panel, but with a dust
extinction AV = 1mag.
emits lines in the Lyman, Balmer and Paschen series that fit exactly the same
BP. It must be remarked that Tex mirrors the kinetic temperature of the gas
in both Thermodynamic and Equivalent Thermodynamic conditions.
The situation presented in the left panel of Fig. 1, however, is only hy-
potetical as it does not take into account the much more complex radiation
transfer issues that arise before the radiation emerges from the source and
throughout its path to the observer. The right panel of Fig. 1, however,
immediately shows the effects of a continuous extinction, like the one that
affects the radiation traveling across the interstellar medium of a galaxy. It
can be appreciated from the figure that continuous extinction lowers the level
and increases the slope of the linear distribution of the BPs of the Lyman,
Balmer and Paschen series. The corresponding temperatures TLy, TBa and
TPa, are lower than the true temperature Tex of the extinction free gas and
the trend points downards for lower series (TLy < TBa < TPa < Tex). We
shall further discuss this point, after considering the process of emission line
propagation within the source.
4
3. Sample selection and data reduction
3.1. Sample description
Radiation transfer issues and disomogeneities in the BLR plasma distri-
bution are very likely to produce a situation that significantly differs from
the simple optically thin formalism, in quasi thermodynamic equilibrium,
for which the BP application is derived. In order to verify the limits of the
physical information that can be extracted from the plot, we provide here a
new analysis of a sample of AGNs, with available spectroscopic observations
in the optical and X-ray domains. X-ray data in the energy band between
0.1 keV and 10 keV are useful to estimate the column densities of possible
absorbing material, lying on the line of sight towards the source, while the
optical spectra represent the key factor of our investigation.
In addition to collecting a new dataset in the optical and X-ray domains,
we considered also near IR observations, from published material (Landt et
al., 2008), and we run a set of models, using the CLOUDY photoioniza-
tion code (version C13.02, see Ferland et al., 2013), to investigate in which
physical conditions the properties of our sample could be reproduced.
The objects to be investigated were selected combining the Sloan Digital
Sky Survey Data Release 7 (SDSS DR7, see Abazajian et al., 2009) with the
XMM-Newton Science Archive service1, on the basis of their emission line
and X-ray properties. For the optical data, we required spectra with good
signal to noise (snr > 10 in the g band was considered sufficient for the
subsequent emission line analysis), redshift in the range 0.01 ≤ z ≤ 0.35,
since at higher redshifts significant fractions of the Hα emission line fall out
of the SDSS spectral coverage, and with magnitude g < 16, in order to
investigate possible variability effects with telescopes below the 2m class.
Among the available candidates, we identified objects that had been as-
sociated to X-ray sources brighter than FX ≥ 10
−12 erg cm−2s−1 in the 0.1-
12 keV range by the XMM-Newton satellite. The chosen flux limit is the
one typically required by the X-ray detectors, carried onboard the satellite,
to collect data at a good snr, in an exposure time of some hours. Combining
such criteria, we found available spectral information for 23 objects that we
list in Table 1.
For two of the selected objects, namely Mrk 110 and Mrk 290, we also
1XSA, available at http://xmm.esac.esa.int/xsa/
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Table 1: Observational sample
Name R.A. (J2000) Dec. (J2000) z FX
a
Mrk 1018 02:06:15.99 −00:17:29.3 0.043 25.89± 0.16
2MASX J03063958+0003426 03:06:39.58 +00:03:43.2 0.107 1.73± 0.18
2MASX J09043699+5536025 09:04:36.97 +55:36:02.6 0.037 12.57± 0.25
LEDA 26614 09:23:43.01 +22:54:32.4 0.033 34.89± 0.20
Mrk 110 09:25:12.87 +52:17:10.5 0.035 59.31± 0.15
NGC 3080 09:59:55.85 +13:02:38.0 0.035 10.80± 0.93
PG 1114+445 11:17:06.39 +44:13:33.3 0.144 3.59± 0.29
PG 1115+407 11:18:30.30 +40:25:54.1 0.154 4.77± 0.34
2E 1216.9+0700 12:19:30.87 +06:43:34.8 0.080 1.86± 0.04
Mrk 50 12:23:24.14 +02:40:44.4 0.026 27.83± 0.20
Was 61 12:42:10.61 +33:17:02.6 0.043 13.11± 0.29
LEDA 94626 13:48:34.99 +26:31:09.3 0.059 2.94± 0.02
PG 1352+183 13:54:35.69 +18:05:17.5 0.151 5.60± 0.05
Mrk 464 13:55:53.52 +38:34:28.7 0.050 4.72± 0.07
PG 1415+451 14:17:00.83 +44:56:06.3 0.113 3.35± 0.03
NGC 5548 14:17:59.51 +25:08:12.4 0.016 74.44± 0.15
NGC 5683 14:34:52.48 +48:39:42.9 0.037 11.82± 0.15
2MASS J14441467+0633067 14:44:14.67 +06:33:06.7 0.208 5.43± 0.05
Mrk 290 15:35:52.42 +57:54:09.5 0.030 17.35± 0.07
Mrk 493 15:59:09.67 +35:01:47.3 0.031 14.02± 0.07
2MASX J16174561+0603530 16:17:45.61 +06:03:53.0 0.039 15.97± 0.15
II Zw 177 22:19:18.53 +12:07:53.2 0.081 4.66± 0.04
Mrk 926 23:04:43.49 −08:41:08.5 0.047 62.38± 0.47
a X-ray fluxes are expressed in units of 10−12 erg cm−2 s−1
included the publicly available spectra, provided by Landt et al. (2008) in
their investigation of the near IR properties of AGNs.
3.2. Data reduction
Our investigation is focused on the possibility that emission line series
present in the spectra of Type 1 AGNs can be used as a diagnostic of the
BLR plasma physics. For this purpose, we need to extract as accurately as
possible pure BLR spectra. In the optical domain, the procedure requires a
correction for interstellar extinction, the scaling of the spectrum to its rest
frame, the removal of the underlying continuum, arising from both the AGN
and its host galaxy, and the estimation of the various contributions to the
emission lines, in order to subtract the narrow components and to resolve
possible blends between different broad lines.
This part of the reduction was performed using standard IRAF tasks, such
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Figure 2: Optical spectra of Mrk 110, taken in a low flux state in 2001 (lower spectrum,
from SDSS) and in the 2006 observation of Landt et al. (2008) (upper spectrum). Flux
units are erg cm−2 s−1 A˚−1.
as deredden to apply a correction for Galactic extinction, based on the ex-
tinction curve of Cardelli, Clayton, & Mathis (1989), normalized to the color
excesses provided by the SDSS photometric database, newredshift to bring
the spectra to their rest frame, nfit1d to reproduce the continuum, with
a combination of power-law emission, thermal emission and Balmer contin-
uum, and ngaussfit to isolate the broad Balmer emission line components,
by means of multiple Gaussian fits to the observed profiles. The last step
is the most complicated task, because several narrow and broad emission
line blends have to be accounted for. In our analysis, we assumed that the
[O III] λλ 4959, 5007 emission line doublet could be used as a template of
the narrow emission line profiles and we used scaled narrow lines with the
same profiles to account for narrow components of the Balmer lines and for
the contributions of [O III] λ 4363, [O I] λ 6300, [N II] λλ 6548, 6584 and
[S II] λλ 6716, 6731. An example of the optical spectra of Mrk 110, observed
in different epochs by the SDSS program and by Landt et al. (2008), is given
7
in Fig. 2, where we can appreciate the different flux states of the source,
which are expected to affect the BLR plasma physics.
X-ray spectra, on the other hand, were collected and reduced from the
EPIC-pn and MOS cameras, using the Scientific Analysis Software of the
XMM mission (SAS v.10.0.0), after filtering out the observations from en-
ergetic particle flaring events, extracting source and background spectra in
circular regions of 30” in radius and evaluating the instrument response func-
tions with the tasks xmmselect, rmfgen and arfgen. The spectra were
binned to a minimum of 20 counts per channel with specgroup and modeled
in the XSPEC software, by combining a non-thermal power law extended over
the 0.2-10 keV range, a thermal emission, accounting for the soft-X excess,
an emission line to reproduce the Fe Kα feature at 6.4 keV and a neutral
hydrogen column density fixed to the amount of neutral hydrogen given by
Kalberla et al. (2005) for lines of sight within the Milky Way. An additional
free parameter, accounting for possible absorption excesses, was used to de-
tect absorbing material along the line of sight to the continuum source. A
more detailed description of these models is provided in a companion paper,
devoted to the comparison of the X-ray properties and the optical emission
lines (La Mura et al., this issue).
Near IR data were not reduced again, since they are available for only 2
objects out of 23, and we adopted the published results of Landt et al. (2008)
as measurements of the broad line fluxes.
4. Results
Once we had isolated the BLR contribution in the optical spectra of our
sample, we proceeded with the measurement of the broad Balmer line fluxes,
the calculation of the corresponding BPs and the estimation of the possibil-
ity that absorption excesses from material lying within our line of sight to
the continuum source may affect our observations. Emission line fluxes were
measured, after accounting for the noise fluctuations of the adjacent contin-
uum, by assuming five different continuum levels and averaging the obtained
fluxes, to estimate the expected line flux and its uncertainty range.
Based on the theoretical investigation of Ilic´ et al. (2012), we can con-
sider a BP fit satisfactory, if the straight line fit to the normalized intensities
is achieved, with an uncertainty on the linear function slope smaller than
10%, that we raised to 15%, in order to account for the additional uncer-
tainties of observed fluxes, with respect to modeled and calculated values.
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Figure 3: Left panel: Fits to the BP of the selected objects. The diagrams illustrate
the Balmer line normalized intensities with the linear function providing the best fit.
Equations of the straight lines are reported on each plot. Right panel: Corresponding
ratios of Hα/Hβ (continuous line) and Hγ/Hβ (dashed line) along the emission line profiles,
rebinned to a velocity scale and a sampling width of 1000 km s−1. Plots for all the objects
in the sample are shown at the end of the text.
Table 2 reports a summary of our measurements, of the detection of substan-
tial absorptions and of the results of the BP analysis. Based on the available
data, the detection of absorbing material in front of the continuum source
seems not to be critical for the BLR signal, with the noticeable exception of
PG 1114+445, where the detection of an absorption excess occurs together
with a poor BP fit.
A more interesting clue on the occurrence of plots with different fit qual-
ity, instead, comes from the analysis of the Balmer line ratios, especially
if compared along the line velocity profiles. In Fig. 3 we show the BPs ex-
tracted from our sample, compared with the Hα/Hβ and the Hγ/Hβ emission
line ratios, calculated along the profiles sampled in the velocity space within
1000 km s−1 wide bins. It can be noticed, from these diagrams, that accept-
able BP fits (corresponding to the limiting threshold of ∆A/A < 0.15) are
typically obtained in objects where the Hγ/Hβ ratio is fairly constant across
the profile, while the Hα/Hβ is below 3.5, at least towards the line wings.
Upon considering the fundamental assumptions of the BP, concerning the
line optical depths and the occupation number distribution throughout the
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broad line emitting plasma, this observation presents new important clues
to the investigation of BLR physics. If we consider the effects of increasing
optical depth, indeed, we would expect the photons of the high lines of the
Lyman series to be trapped in the gas and to scatter around, until the direct
transitions to the ground level may eventually break into transition cascades.
This process would produce in the end photons of upper series and Lyα
photons, which will be subsequenlty transfered by scattering out of the region.
If a similar depletion and suppression of the high lines of the Lyman series
is operating similarly on the Balmer series, we expect the Hα/Hβ emission
line ratio to be more seriously affected than higher order line ratios, because
Hα photons should not be destroyed.
The ratio of the Hγ/Hβ emission line, on the other hand, is more sensitive
to the occurrence of differential extinction. For this reason, we used this ratio
to evaluate the extinction effects along the profile of the Balmer lines. A
nearly constant emission line ratio, like the one observed in objects featuring
the best BP fits, is suggestive of a dust free environment, where the energy
levels of the excited atoms follow approximately the same distribution in the
regions traced by the different locations in the velocity space, though some
amount of extinction may still arise from outside the region.
Put together, the analysis of the broad line ratios, in connection to their
profiles, accounts for the physical conditions that we observe in different
layers of the BLR. Though we expect that the optical depth is playing a
role in controlling the emission line photon propagation, we do not predict a
significant destruction of Balmer line photons, unless the Hα/Hβ significanlty
exceeds 3.5 over a considerable fraction of the profile (the cases of Mrk 926
and NGC 5548 are the most important examples). On the other hand, if the
population of the excited levels varies in different regions of the line emitting
source, the ratio of Hγ/Hβ is affected and the BP assumption consequently
drops.
5. Models and interpretation
A self consistent interpretation of the BLR environment is extremely
problematic, due to the complexity of the underlying physics (see Gaskell,
2009, for a review). However, we have been able to reproduce our obser-
vational results on the basis of some simple photo-ionization calculations,
performed by means of the CLOUDY code. Indeed, we observed that BP
with acceptable fits could be obtained from mildly ionized plasmas, illu-
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minated by non-thermal power law continuum, assuming an ionization pa-
rameter logU = −0.5 a density of nH = 10
10 cm−3 and a column density
NH = 10
22 cm−2. Such values can be expected to be at least partially repre-
sentative of the line emitting plasma, though they certainly cannot account
for the full BLR environment.
The calculation of models spanning the parameter space in bins of 0.1 dex
pointed towards a BP that critically depends on the ionization parameter and
the gas column density. A possible interpretation of these simulations and the
observational results is that the the optical depth seen by the emission lines
must be constrained, in order to have trapped Lyα photons, but without
significant destruction of Balmer line photons. A possible way to provide
an interpretation is that the existence of scattering Lyα photons produces a
population of H I atoms at level n = 2, that can interact with a Balmer photon
or, through a collisional process, with a free electron. The probability that
free electrons may dominate at a specific density, since the energy separation
between the n = 2 level and the upper excitation stages is within the energy
budget of thermal particles, determines the possibility that such excited ions
may be re-arranged onto a Boltzmann distribution of levels with n ≥ 3, for
which the excitation temperature approaches the local electron temperature.
This condition is referred to as a Partial Local Thermodynamic Equilibrium
(PLTE) for the level with n = 2.
Another point deserving more consideration is the model prediction that
the normalized line intensities may increase with the upper level’s excitation
energy if the gas density is higher. According to the available near IR data,
we commonly observe this behavior when we take the BP of the Paschen
series, as Fig. 4 shows for the case of Mrk 110. The optical and near IR
spectra of this object were taken in a higher flux state with respect to the
situation at the time of the SDSS observation (Landt et al., 2008). While
the optical BP appears meaningful in both observations, pointing towards a
remarkably higer temperature of the gas in the high flux state, the Paschen
lines have normalized intensities that increase with their excitation energies.
This can happen because the Paschen photons, which have a smaller optical
depth, come nearly unaffected out of higher density gas, where collisional ex-
citation of upper energy levels and Balmer line photon trapping may enhance
their emission above their intrinsic radiative transition probability, without
significant re-absorption.
11
Figure 4: Left panel: BP of the Balmer series, computed on the SDSS spectrum of
Mrk 110 in the 2001 observation. Right panel: BP of the Balmer series (open squares)
and Paschen series (open triangles), computed on the spectra of Mrk 110 in the 2006
observations of Landt et al. (2008). The corresponding excitation temperatures, estimated
from the plots, are given on the diagrams.
6. Conclusions
With this work we presented a new analysis of the emission line properties
of a sample of Type 1 AGNs, for which we could collect data in the optical and
X-ray frequencies, with the additional contribution of near IR observations
available in the literature. Making allowance for the non simultaneous nature
of these observations, that can represent a serious issue due to the remarkable
variability properties of AGNs, our sample suggests that the occurrence of
excess absorption on the line of sight towards the continuum source is not
systematically affecting the BLR as well.
Concerning the properties of the broad emission lines, on the other hand,
we observed that acceptable BP fits could be obtained from the Balmer series
if the line intensity ratios (particularly Hγ/Hβ) do not change appreciably
through the line profiles and the Hα/Hβ does not suggest significant loss
of high order Balmer photons. Interpreting this result in the framework of
simple photo-ionization calculations suggests that the BLR of BP-S1s may be
mildly ionized regions of plasma with fairly homogeneous conditions and free
of self-absorption effects. In addition, we expect that the line emitting region
does not contain acceptable amounts of dust, though we cannot exlude that
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extinction from dust may arise from just outside the line emitting region.
In this sense, the BP method can be useful to place valuable constraints on
the plasma density and ionization properties, that, if connected with proper
column density estimates, can lead to a more constrained understanding of
the BLR structure of BP-S1s. If the existence of such an optically thin,
dust-free environment, can be confirmed by a proper monitoring and broad
band observations of the BP-S1s, the resulting constraints on their BLR
plasma would make these objects ideal to investigate further the influence
of the central engine, through its dynamical effects and the properties of its
ionizing radiation continuum.
However, taking into account emission lines produced in other spectral
regions, like the Paschen series in the near IR, it must be considered that
the BLR environment behaves as a multi-component medium, where at least
a contribution from a denser gas, which does not fit in the fundamental BP
assumptions, has to be included.
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Was 61 57.23±5.49 5.67±1.03 0.34±0.08 0.17±0.06 0.62±0.01 0.02 2.66
LEDA 94626 11.23±1.47 3.86±0.72 0.43±0.12 0.19±0.10 0.35±0.01 0.04 –
PG 1352+183 135.11±13.53 2.40±0.41 0.39±0.08 0.14±0.04 0.21±0.09 0.44 –
Mrk 464 51.66±5.20 7.44±1.02 0.28±0.07 0.17±0.04 0.78±0.04 0.05 –
PG 1415+451 56.43±5.18 3.78±0.54 0.39±0.09 0.13±0.05 0.39±0.04 0.12 –
NGC 5548 299.70±26.51 4.92±0.64 0.21±0.06 0.07±0.03 0.64±0.10 0.16 –
NGC 5683 118.02±19.90 3.15±0.73 0.47±0.16 0.28±0.09 0.20±0.02 0.08 –
2MASS J14441467+0633067 43.37±6.66 3.70±0.81 0.38±0.09 0.17±0.04 0.40±0.02 0.05 1.64
Mrk 290 265.02±35.46 3.03±0.59 0.41±0.09 0.21±0.07 0.29±0.06 0.07 –
Mrk 493 83.77±7.59 3.08±0.47 0.38±0.11 0.20±0.07 0.26±0.03 0.12 –
2MASX J16174561+0603530 59.63±3.96 4.95±0.47 0.46±0.08 0.23±0.05 0.47±0.05 0.10 –
II Zw 177 14.64±3.41 3.43±1.13 0.32±0.16 0.18±0.11 0.37±0.04 0.04 –
Mrk 926 206.38±28.81 5.44±1.07 0.17±0.07 0.09±0.05 0.74±0.11 0.15 –
a fluxes given in units of 10−15 erg cm−2 s−1
b column densities measured from X-ray spectra are given in units of 1020 cm−2
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